Pulmonary hypertension (PH) with pulmonary vascular disease (PVD) is a progressive and debilitating disease associated with increased pulmonary vascular resistance (PVR). Biphasic right ventricular outflow tract (RVOT) Doppler flow is frequently seen in severe PH patients with PVD. In association with hemodynamics, the precise analysis of biphasic RVOT Doppler flow (RVDF) has not been fully elucidated. Therefore, the purpose of the present study is to analyze the relation between the hemodynamics and indices of biphasic RVDF in PH patients with PVD.
P ulmonary hypertension (PH) caused by pulmonary vascular disease (PVD) is a progressive and debilitating disease associated with increased pulmonary vascular resistance (PVR) resulting from pathologic remodeling of pulmonary arteries. PH leads to right ventricular (RV) heart failure and poor prognosis. [1] [2] [3] In recent years, a growing attention was paid to understand this disease, and developments in the appropriate therapy were made accordingly. The therapies for PH can delay the clinical worsening. 4) The recorded data suggest that the early treatment of PH improves the long-term outcome. [4] [5] [6] It is important to recognize PH due to the increased PVR, because it affects both treatment and prognosis. 7) Right heart catheterization (RHC) is a gold standard for hemodynamic evaluation of PVR in PH. [8] [9] [10] RHC is invasive and cannot be applied repeatedly to all patients with PH. Therefore, the echocardiography remains the best option to estimate elevated pulmonary artery pressure (PAP) noninvasively.
9) The estimated systolic PAP from tricuspid regurgitant flow velocity (TRFV) is the core of echocardiographic evaluation of suspected PH. [11] [12] [13] However, the elevated systolic PAP does not always mean high PVR.
Several investigators have proposed echocardiographic PVR prediction models, [14] [15] [16] [17] [18] [19] [20] [21] but these models were complicated and they do not agree with each other at higher levels of PVR, such as more than 6 Wood units (WU). 22, 23) Abbas, et al. proposed a modified equation that estimates PVR derived from TRFV and pulsed Doppler right ventricular outflow tract (RVOT) velocity time integral (VTI), as follows. Furthermore, there are several reports of PVR estimation by the waveform of RVOT Doppler flow (RVDF). Figure 1 . Analysis of biphasic RVDF waveform. The early waveform toward the notching of RVDF was determined as P1, and the late waveform as P2. For each waveform, the duration and peak flow velocity were measured. ECG indicates electrocardiography, P1D -P1 duration, P1PFV -P1 peak flow velocity, P2D -P2 duration, P2PFV -P2 peak flow velocity, RVDF -right ventricular outflow tract Doppler flow, and RVOT -right ventricular outflow tract.
PVR ESTIMATION WITH BIPHASIC RV OUTFLOW DOPPLER
Biphasic RVOT Doppler flow waveform is frequently seen in patients with severe PH. 25) Arkles, et al. reported that biphasic pattern of RVDF predicts PVR in patients with PH. 25) Yet, this predictive method is qualitative and PVR prediction by a precise analysis of biphasic RVDF has not been fully elucidated. We assumed that PVR can be quantitatively estimated by a detailed analysis of biphasic RVDF in PH patients with PVD. Therefore, an analysis of biphasic RVDF was conducted, and a novel formula to estimate the PVR using RVDF parameters in PH patients with PVD was proposed.
Methods

Study patients:
The patients (94) considered for this study were admitted to the Kagoshima University Hospital between January 2009 and December 2015, and diagnosed with PH measured by RHC. Patients with PCWP > 15 mm Hg (n = 4), 26) PVR < 3 wood units (WU) (n = 1), and atrial fibrillation (n = 5) were excluded. Transthoracic echocardiography (TTE) was performed in 84 patients. Seventy (83%) patients showed biphasic RVDF and 14 (17%) patients showed monophasic flow. Therefore, 70 patients with biphasic RVDF were taken into account for the present study. The study protocol was approved by the institutional ethics committee of Kagoshima University Hospital, and informed consent was obtained from all subjects. Echocardiography: The patients underwent a TTE examination with a Vivid 7, S6, E9 Ultrasound (GE Vingmed Ultrasound, Horton, Norway) or an IE33 system (Phillips Medical Systems, Andover, Massachusetts, USA). In the conventional echocardiographic study, the left ventricular end-diastolic dimension, left ventricular ejection fraction (modified Simpson's method), left atrial diameter, trans-mitral flow E/A ratio, trans-mitral E wave deceleration time, E/e', and right ventricular basal dimension were measured. 27) RV systolic function was estimated by tricuspid annular systolic excursion (TAPSE, mm) and pulsed tissue Doppler velocity at the tricuspid annulus (RV S', cm/second). TAPSE was acquired by placing an M-mode cursor through the tricuspid annulus and measuring the amount of longitudinal motion of the annulus at peak systole. RV S' was the systolic peak velocity obtained by pulsed tissue Doppler at the tricuspid annulus. 28, 29) The RVDF was acquired by pulsed Doppler echocardiography placing the sample volume at the pulmonary valve annulus in a short-axis view of the aortic valve level from the left parasternal window at end-expiration. For the analysis of the biphasic RVDF waveform, the early waveform toward the notch was determined as P1, and the late waveform was determined as P2 ( Figure 1 ). For each P1 and P2, the duration (D, seconds) and peak flow velocity (PFV, m/second) were considered as RVDF parameters and quantified. RVOT VTI (cm) was measured, as well. Reproducibility: Two independent observers measured P1 D and P2PFV to calculate PVR by the novel RVDF formula proposed herein. The variability of PVR differences calculated by RVDF formula was used to express interobserver variability. The same observer repeated two times the measurements of P1D and P2PFV, and the intraobserver variability was also calculated. Right heart catheterization: All patients underwent RHC with a Swan-Gantz catheter to obtain the hemodynamic estimations, such as the systolic PAP, mean PAP, pulmonary capillary wedge pressure (PCWP), right atrial pressure (RAP), and PVR. Stroke volume (SV) was measured by Fick's formula, and the cardiac index (CI) was calculated.
The median time between TTE and RHC was 2.0 days (interquartile range, 1.0 − 6.0 days). Brain natriuretic peptide: Blood samples were drawn from a peripheral vein, and the brain natriuretic peptide (BNP) was measured in all patients at admission on a completely automated sample selective analyzer with a commercially available assay (LUMIPULSEelR G1200, FUJIREBIO INC, Tokyo, Japan). 30) Statistical analysis: Data are expressed as mean ± SD or median (interquartile range), as appropriate. As the BNP HORIZOE, ET AL Values are mean ± SD for variables. showed a non-parametric distribution, it was analyzed on a logarithmic distribution. The relationship between RVDF parameters and RHC data were analyzed with a simple linear regression analysis. Predictive RVDF parameters for PVR were determined using multivariate analysis. Our PVR prediction formula was derived from linear regression analyses. The correlation between PVR measured by RHC and each PVR estimation formula were evaluated by Bland-Altman analysis. 31) All statistical analyses were conducted with JMP 11 (SAS Institute Inc., Cary NC, USA). A P value < 0.05 was indicative of statistically considered significant difference.
Results
Patient characteristics:
Data from 70 patients with biphasic RVDF were analyzed. Patient characteristics are shown in Table I . The mean age in the study population was 62.1 ± 14.6 years, of which 79% were females. All patients had symptomatic disease (WHO functional class 2 was 36%, class 3 was 40%, and class 4 was 24%). BNP levels varied widely (median, 68.1 pg/dL, interquartile range, 33.0 − 234.9 pg/dL). The etiologies of PH included the chronic thromboembolic pulmonary hypertension in 46%, PH associated with connective tissue disease in 33%, idiopathic pulmonary arterial hypertension in 7%, and pulmonary veno-occlusive disease in 6% of the study population.
Echocardiographic and hemodynamic data:
The results of echocardiographic and hemodynamic data are shown in Table II . According to echocardiographic data, left ventricular systolic function was normal. Regarding the RV systolic function, the mean TAPSE was 18.3 ± 5.5 mm while the mean RV S' was 11.6 ± 3.1 cm/second. Tricuspid regurgitation was mild in 64%, moderate in 27%, and severe in 9% of the study population.
Concerning the hemodynamic data, the mean PAP was more than 25 mmHg in all patients, and met the PH criteria. PVR was markedly elevated (8.44 ± 4.69 WU), whereas RAP remained normal. SV was 51.5 ± 15.5 mL, and CI was 2.58 ± 0.76 L/minute/m 2 .
Correlation of RVDF parameters and hemodynamics:
The associations between the parameters of RVDF and hemodynamics are shown in Table III 0.01). In contrast, P1PFV was weakly connected with PVR only (r = −0.241, P < 0.05) while P2D did not correlate with any of the hemodynamic parameters. RVOT VTI was related with the systolic PAP (r = −0.313, P < 0.01), mean PAP (r = −0.347, P < 0.005), PVR (r = −0.425, P < 0.0005), and SV (r = 0.427, P < 0.0005). None of the parameters of RVDF were associated with PCWP or RAP.
Correlation of RVDF parameters and RV function or BNP:
The associations between the parameters of RVDF and RV function or BNP are presented in Table IV. P1D and P2D did correlate with either TAPSE or RV S'. P1PFV and P2PFV showed significant correlation with both TAPSE [P1PFV (r = 0.357, P < 0.005), P2PFV (r = 0.571, P < 0.0001)] and RV S' [P1PFV (r = 0.433, P < 0.0005), P2PFV (r = 0.468, P < 0.0001)]. P1D and P2PFV were significantly associated with logBNP [P1D (r = −0.443, P < 0.0005), P2PFV (r = −0.290, P < 0.05)], whereas P1PFV and P2D were not. RVOT VTI was correlated with all of TAPSE (r = 0.539, P < 0.0001), RV S' (r = 0.398, P < 0.001), and logBNP (r = −0.342, P < 0.005).
Estimation of PVR using RVDF parameters:
In multivariate analysis, P1D and P2PFV were strongly associated with PVR. Therefore, we proposed a new formula to estimate PVR, as follows. PVR = 26 − 77 × P1D − 14 × P2PFV. In estimating PVR, this proposed RVDF formula and Abbas' methods were correlated with PVR measured by RHC (Figure 3) . The RVDF formula proved to be more suitable to properly estimate PVR compared with Abbas' methods ( Table V) . The mean difference between PVR estimated by RHC and RVDF formulas was smaller than that between PVR determined by RHC and Abbas's methods.
Reproducibility of measurements:
The values of the inter-observer and intra-observer variability for the measurement using the RVDF formula were 0.99 ± 0.74 or HORIZOE, ET AL 10.7 ± 8.0% and 0.74 ± 0.62 or 7.8 ± 6.5%, respectively, of the mean value.
Discussion
In patients with CTEPH, the PVR is a strong predictor of reduced survival in medically treated patients, and higher PVR is associated with increased mortality following pulmonary endarterectomy.
32) The RV function is a key determinant of outcome in patients with PAH. 9) A previous study has shown that the RVOT Doppler flow notching could identify PVD patients with high PVR and right heart dysfunction in a mixed PH cohort. 24) However, their method is qualitative and cannot estimate the numerical value of PVR. In this study, P1D and P2PFV were significantly correlated with PVR, and thus a novel formula for the estimation of PVR was proposed.
According to the mechanism of biphasic RVOT flow pattern, Tahara, et al. have reported that the experimental PH dogs showed a decrease in mid-systolic pulmonary flow and pulmonary valve semiclosure. 33) In patients with PH due to increased PVR, augmented pressure after peak flow due to an earlier and more pronounced pressure reflection has been observed. 34, 35) The increase in pulmonary pressure after peak flow imposes a wasted pressure effort on RV.
36) The earlier pressure reflection leads to shorter P1 D in the biphasic RVOT Doppler flow, which is reported by several studies. 25, 29, 37) In addition, the lower P2PFV may express RV systolic dysfunction, because P2PFV was strongly correlated with parameters of RV systolic function and RV dysfunction related with high PVR. 38) Therefore, the P1D and P2PFV were strongly correlated with PVR.
Past echocardiographic PVR prediction methods 25) Actually, the PVR of patients with monophasic RVOT Doppler flow was lower than the PVR of patients with biphasic RVOT Doppler flow (5.52 ± 2.06 WU versus 8.44 ± 4.69 WU, P < 0.05). Secondly, the utility of our formula in PH patients with different etiologies could not be verified because of the low number of patients. Hence, further research with a large number of patients is needed for this purpose. Thirdly, the utility of our formula on change over time or therapeutic effect could not also be verified because of the cross-sectional nature of the study. Prospective and longitudinal studies are needed to evaluate the usefulness of our formula on clinical course in PH patients.
Conclusion
P1D and P2PFV were associated with PVR, whereas the novel and simple RVDF formula proposed may estimate PVR in PH patients with PVD.
